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CHARACTERIZATION OF P-TYPE ZINC OXIDE FILMS
Madhavi Oleti Kalki Rajan
ABSTRACT
Zinc Oxide falls under the classification of transparent conductive oxides. The typical
optical transmittance of Zinc Oxide is 90  in the visible wavelength region. Though
stoichiometric ZnO is an insulator, due to the presence of internal defects such as Zn
interstitials and Oxygen vacancies, it exists as a n-type conductor.
The other important property of ZnO which could be used by the optical field is its
widebandgap. ZnO has a wide bandgap of 3.2eV - 3.3eV. The additional advantage of
being a direct bandgap semiconductor has increased the probability of using ZnO for short
wavelength optical applications. These practical applications are directly related to the
fabrication of homostructural p-n junctions. ZnO can be readily doped n-type. Doping
ZnO P-type is very difficult due to its native defects and the self-compensation that occurs
during doping. But when P-type doping is obtained in ZnO it could be used in various
optical applications such as light emitting diodes and laser diodes.This provided the moti-
vation for this research.
Theoretical studies have proposed nitrogen as a suitable material to achieve p-type
ZnO. Literature provides a set of conditions that could be used to improve the doping in
ZnO films. In this research, a set of these conditions were used to implement p-type doping
in ZnO films. A Sputtering system with a setup to support two Torus-5M guns was used to
deposit the ZnO films. A codoping technique using an aluminium doped zinc oxide target
was the first method. Though an improvement in the nitrogen incorporation was found in
this method in the beginning, a further increase in the nitrogen pressure did not show fur-
v
ther improvement. A co-sputtering technique of a 99.999  pure ZnO target and a 99.99 
pure Zn metal target was the second method. The ZnO target was rf sputtered while the Zn
target was dc sputtered using the two guns provided in the deposition chamber. The extra
Zinc obtained from sputtering the metallic Zn target was used to improve the incorpora-
tion of nitrogen. The films were later deposited in an oxygen ambient where the excess
oxygen was used to suppress the oxygen vacancies that act as hole killers during the dop-
ing process. Four point probe measurement and Keithley 900 series Hall equipment were
used for the electrical characterization of the films. An ORIEL monochromator was used
to optically characterize the films. Hitachi S-800T EDAX analysis system was used to
measure the atomic weight  of nitrogen incorporated in the ZnO:N films. Deposition at
an Oxygen partial pressure of 0.3 mT and 0.8 mT of Nitrogen produced p-type ZnO films.
These films showed a carrier absorption in the short wavelength region. The carrier con-
centration and the mobility obtained for these films were 4.0 x10  cm  and 0.12 cm  /V-s
respectively.
vi
CHAPTER 1
INTRODUCTION
1.1 Thin Films
Every material is composed of atoms which decide their basic properties. The special-
ity of the thin films lies in the fact that a material could be deposited in its atomic scale
using this technology. The atoms and free radicals of these materials in their gas phase
react with themselves or with other substances at high temperature to condense or deposit
on a surface (substrate) relieving their high energies. The material coating thus formed if
in the range of micrometers or less is called a thin film.These films possess properties that
are completely different from the bulk material and vary according to the deposition con-
ditions and the thickness of the film. These unique properties of thin films have enabled
them to be used in various applications such as hard coatings and wear resistant films,
optical devices and various other applications.
1.1.1 Evolution of Thin Films
The history of thin film technology began with the invention of the on-chip resistors by
John Hall in the year of 1962 [4]. Since then thin films have had a major influence in the
field of electronics. The major advantage of using thin films in electrical components is
the reduction in one of the dimensions. This could be clearly explained using an example.
According to the definition of resistance, resistance of a material is inversely proportional
to its cross-sectional area. Thus when compactness is an issue, the resistor can be made
using a thin film to replace their bulk counterparts.
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The invention of thin films lead to a new trend in the electronics field called The Mi-
croelectronics. Microelectronics proved to be a very good solution for many researchers.
The equipment used to manufacture the electronic components in Microelectronics was
reliable in operation and required less maintenance. This reduced the maintenance cost as
well as the initial cost of the equipment. According to D.Bois [5], for the past 50 years,
since the invention of the transistor, the exponential progress of microelectronics has been
fueled by a 15% yearly miniaturization rate, inducing almost a 30% cost decrease and a
50% performance improvement in all electronic functions each year. In turn, this progress
of the technology has been the key driving force for a 15% growth rate of the semiconduc-
tor market.
1.2 Semiconducting Materials
Semiconductors are an interesting group of materials. These materials have their con-
ductivity that lies between a conductor and an insulator. Studies have proved that these
materials possess very good electrical and optical properties that could be used for prac-
tical applications. The conductivity of these materials is further improved by externally
doping them using materials which have comparatively higher or lower valence electrons
resulting in either n-type or p-type material accordingly. These materials contribute a lot
to the electrical field of miniaturization.
Silicon, Germanium, Carbon(diamond) are the elemental semiconductors with four
valence electrons belonging to group IV of the periodic table. An extensive research on
Ge was performed in the years 1947 - 1958. The inconsistent behaviour of Ge as a tran-
sistor diverted the interest of researchers towards Si which has a bandgap of 1.12 eV at
room temperature. Silicon being abundant in nature, was very cheap. Due to its very
good physical and optical properties, it evolved into a dominating material in the field of
electronics. Though many materials had been discovered after silicon, silicon production
in the world is still growing. The year 1962 marked the beginning of the silicon era with
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1,130,000 tons as the world production of silicon. This number has increased to 3,500,000
tons in the year 2000 [6]. Extensive research found that being an indirect bandgap mate-
rial, Si had optical properties which were insufficient for some of the applications. Binary
semiconductors like Gallium Arsenide, Gallium Phosphide, Gallium Stannate, Indium Ar-
senide, Indium Phosphide, Indium Stannate and Silicon Germanium became the materials
of interest for researchers. Gallium Arsenide with a bandgap of 1.42 eV seemed to have
interesting properties. Being a high speed and low power dissipation material GaAs had
a major influence on the communications industry. Its higher radiation hardness and a
higher range of operating temperature (196 	 C to 300 	 C) [7] made it attractive to space
and military applications .
1.3 Wide Bandgap Semiconductors
Silicon and Gallium Arsenide have had a major effect on the semiconductor field with
the above mentioned applications. Silicon was found suitable for applications with an op-
erating temperature not exceeding 300 	 C. Gallium Arsenide was not much different from
silicon as the maximum operating temperature of GaAs was found to be 400
	
C. The re-
quirement for materials reliable over a wide range of temperature from -20 	 C to 400 	 C
and the need for extra cooling systems [8] lead to the development of wide bandgap semi-
conductors. Materials with a bandgap of 2eV 
 E 
 6.5eV [9],[10] were classified as Wide
Bandgap Materials. Though these materials cannot replace the already existing efficient
and much cheaper Silicon and GaAs semiconductor technology, they were found to be
more advantageous due to the superior properties they possess. This included their lower
intrinsic carrier concentration, higher electric breakdown field, higher thermal conductiv-
ity and larger saturated electron drift velocity. A listing of the major physical properties
of important semiconducting and wide bandgap materials is included in table 1.1 [8] for a
better understanding of these materials.
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Table 1.1. Properties of Semiconductor Materials
Properties Silicon GaAs 3C-SiC 4H-SiC 6H-SiC GaN
lattice constant (A˚) (RT) 5.430 5.65 4.3596 3.073 3.0806 4.51
Density (g/cm  ) 2.328 5.32 3.210 - 3.211 -
Melting Point (
	
C) 1420 1238 2830  2830  2830  -
Bandgap (eV) 1.1 1.43 2.39 3.26 3.02 3.45
Saturated electron
velocity (x 10  cm/s) 1.0 1.0 2.2 2.0 2.0 2.2
Electron
Carrier Mobility (cm  /V-s) 1500 8500 1000 1000 370 1250
Hole
Carrier Mobility (cm  /V-s) 600 400 50 50 90 250
Dielectric constant 11.8 12.5 9.7 - 9.6-10 11
Resistivity (  - cm) 10  10  - - - 10 
Refractive index 3.5 3.4 2.7 2.712 2.7 -
Hardness (kg/mm  ) 1000 600 3980 2130 a

- -
Research on the wide bandgap semiconductors led them to have a major effect in var-
ious fields. In the field of power electronics, due to their superior breakdown voltages and
high thermal conductivities they can be used for high-voltage and high-power electronics
[8]. Their exceptionally high thermal conductivity, low dielectric constant along with their
high charge carrier mobilities had made them suitable for various electronic applications
like FETs, MESFETs and HEMTs [11],[8]. Their direct bandgap (unlike silicon) and their
wider bandgap proved them vital in optical applications such as lasers. Thus they created
a major revolution in the field of lasers and other optical devices like light emitting diodes
[12].
A brief description of the major classification of wide bandgap semiconductors is dis-
cussed in the following sections.
1.3.1 II-VI Semiconductor Compounds
II-VI compound semiconductors had always been an interesting classification of semi-
conductors. These compounds mostly crystallize in the cubic (zinc blende) or hexagonal
(wurtzite) structure. They occur in a wide range of bandgaps and lattice constants. The
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bandgap and its type has a major influence on the properties of the material. This in-
cludes properties like optical absorption, electrical conductivity and index of refraction.
Materials are classified according to the type of bandgap as direct and indirect bandgap
semiconductors. The direct bandgap semiconductors are found to be advantageous over
indirect bandgap semiconductors as they do not require phonons to satisfy wave vector
conservation. Most of the II-VI compounds are found to exist as direct bandgap semi-
conductors. All these properties taken into consideration, they have been dominating the
optical field for short wavelength applications. They are used in various applications such
as infrared lasers and detectors, blue-green lasers and light emitting diodes, non-linear op-
tical materials, magneto-optical devices and radiation detectors [13]. Zinc Selenide, one
of the II-VI semiconductors has been a significant material in blue-green lasers. They still
are the only materials with which green lasers could be obtained [12]. Zinc Sulphide with
a bandgap of 3.7eV at room temperature has proven to be one of the promising materials
for ultra-violet (UV) optical devices [12].
Zinc Oxide is one of the II-VI compounds with some exceptional and comparable
properties to their III-V counterparts. A brief description of this material and a comparison
of it with other materials is discussed in the next chapter.
1.3.2 Overview of Organization of the Thesis
This thesis will report on the various methods used to fabricate p-type ZnO films.
Theoretically, nitrogen is predicted to be a good candidate for doping ZnO p-type. Re-
searchers have been working since 1996 on this topic using various techniques to achieve
this practically. Its wide bandgap, crystal structure and high exciton energy suggest that
ZnO could replace GaN in the future optoelectronics field [14]. Many of the applications
in which ZnO could be used involve p-n junctions. This provoked the interest for this
research.
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This thesis work is divided into four chapters. The second chapter will discuss in
detail the history and properties of zinc oxide, the theoretical problems that are predicted
to be the cause for achieving p-type ZnO and a literature survey on the various techniques
followed by various researchers on this topic will also be discussed. The third chapter
will explain the processing technique and the description of the procedures involved in
fabricating zinc oxide films. Chapter four will discuss the results obtained in this work.
And finally, chapter five will summarize conlcusions drawn from this research and give
some ideas that could be used in the future to improve on this research.
6
CHAPTER 2
BACKGROUND
2.1 History of Zinc Oxide
The history of Zinc Oxide backs up 100 years when it was used as a major white
pigment and industrial chemical. It had been famous in diverse fields as an experimental
material due to its unique properties. For example, with its wide spectrum of solid-state
properties it provides numerous fertile fields for investigation, exhibits unique properties
in ferrites and the photochemical field, and it has contributed quite a lot in analysing the
relationship between the crystal structure and properties of materials. Its simpler crys-
talline structure and the reason that it can be deposited in different crystal types has helped
in these investigations. Further, its drastic change in properties with the introduction of
imperfection has added advantage to this study [1]. Its growth in the industrial field has
occured due to its remarkable solid-state properties which had lead to advances in numer-
ous fields such as catalysis, ferromagnetism, semiconductors, luminescence, photocon-
ductivity and photochemical effects. Some of the achievements in various fields due to
zinc oxide are listed below [1].
 By introducing Zinc Oxide into nickel-iron ferrites, the first ferrites with high mag-
netic properties were discovered.
 By investigating certain luminescent properties of Zinc Oxide and Zinc Sulphide, a
new and significant method of illumination, Electroluminescence was discovered.
 The photoconductivity properties of Zinc Oxide lead to the development of a new,
dry, photocopying process.
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 It is used in converting sunlight into chemical energy, as it is supposed to be the only
inorganic material known to have photochemical properties similar to chlorophyll.
Advancement in thin films and further studies have made Zinc Oxide to be a part of
an endless list of applications. Some of them include acoustic wave devices [15], trans-
parent conducting electrode materials for electronic devices such as solar cells [16],[17]
and electroluminescence displays [18],[19], electromechanical devices and optoelectronic
devices [20],[17], grating coupled waveguide filters [21], heat mirrors [22], multilayer
photothermal conversion systems [23], gas sensors [24].
2.2 Properties of Zinc Oxide
Zinc Oxide is a wide bandgap semiconductor with a bandgap of 3.2eV - 3.3eV. It
exhibits a wide range of properties. Some of the important and relevant properties of ZnO
to this thesis are discussed in following sections.
2.2.1 Crystal Structure
Crystal structure is one of the critical properties of a wide bandgap semiconductor for
devices such as light emitting diodes and laser diodes. Improvement in the crystallinity of
the films increases the lifetime of the device. In the case of the laser structure, the differ-
ence in the chemical and structural properties of the materials involved in the heterostruc-
ture causes defects such as pointed or extended which sometimes propogate during device
operation causing the device to fail. To avoid this, a detailed study of the structure to
improve and optimize these devices has become a neccessity.
Zinc Oxide has a hexagonal close-packed lattice structure called the Wurtzite Structure.
It is reported in the work of Y. R. Ryu [14] that the highly c-axis oriented, self-textured
ZnO films can be synthesized on any substrate such as Si and GaAs and thus contribute
to the production of optoelectronic devices. The manner in which this structure is formed
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is depicted in 2.1. To begin with, four oxygen atoms are joined to one zinc atom to form
a zinc tetrahedron(A), and (B) illustrates the joining of four zinc atoms to one oxygen
atom to form an oxygen tetrahedron. During these two steps, each zinc atom donates two
electrons in its outer shell to an oxygen atom, thus shrinking in size from 1.33 ˚

to 0.74 ˚

while the oxygen atom expands in its size from 0.64 ˚

to 1.40 ˚
 [1]. These two tetrahedra
join together at a common zinc atom (C). This is the basic close packed structure of zinc
oxide. Zinc atoms are quite smaller in size compared to the oxygen atoms. The structure is
thus estimated to be occupied by zinc and oxygen atoms to only 44% of the whole volume,
and the remaining is filled with open spaces [1]. Thus they do not form a complete close
packed structure.
Figure 2.1. Construction of the Wurtzite Structure of Zinc Oxide [1]
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2.2.2 Thermal Properties
Zinc Oxide is a very good thermal conductor with a high heat capacity. This property
of ZnO has lead to discover its relevance to the truck industry. It is a major component
of the tires along with rubber which led to many inventions in the rubber industry. The
other major field that is affected by the highly thermally conductive ZnO is the ceramic
industry. It has a co-efficient of expansion of 3.16x  /
	
C and a melting point of
2000 	 C. These values are close to the values of silica which is a major component of
this field [1]. The major debatable property of ZnO is that its vapor pressure reaches 760
mm (normal atmospheric pressure) at around 1700 	 C which is almost 300 	 C below
its melting point. According to Leverenz [25], this property is related to the difficulty in
breaking the Zn-O bonds along the C-axis which are said to possess directional strength
unlike the non-directional strength of Zn-O bonds in the other directions.
2.2.3 Electrical Properties
Although stoichiometric ZnO is an insulator, it exists as an n-type conductor due to the
deviations in its stoichiometry. The important reason that can be attributed to this crystal
defect is the difference in size of oxygen and zinc resulting in a lot of free space in the
structure of ZnO as discussed earlier in this chapter. The free charge carriers that result
from the shallow donor levels associated with oxygen vacancies and interstitial zinc is the
other important factor. The electrical properties of ZnO films are strongly influenced by
their deposition method, thermal treatment and oxygen chemisorption. A brief discussion
of these parameters is provided below.
2.2.3.1 Effect of Substrate Temperature
Undoped ZnO exhibits a variation in its electrical properties depending on the range
of substrate temperatures at which it is deposited. When ZnO is deposited by reactive
sputtering, the carrier concentration increases causing an increase in the conductivity of
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the film until a critical temperature. At higher temperatures, the carrier concentration is
found to be decreasing. The reason for this could be due to the increase in the oxygen
incorporation at the oxygen vacancy sites of the film yielding a better stoichiometric film.
This critical temperature is reported to be 350 	 C in ref [26]. The mobility is also reported
to increase with the increase in substrate temperature below 350 	 C. The reasons for this
are a) better crystallization of the film with the increase in temperature and b) decrease in
the grain boundary barrier potential of ZnO films [27].
2.2.3.2 Effect of Sputtering Parameters
The deposition environment has a major effect on the properties of ZnO films. Zinc ox-
ide films when reactively sputtered using a Zn target in oxygen atmosphere, at low oxygen
concentrations produce metallic zinc and zinc oxide films which are opaque and conduc-
tive. At high oxygen partial pressure, the extra oxygen eliminates the oxygen vacancies
resulting in a highly stoichiometric film that is transparent and non-conductive. Thus
the partial pressure at which a ZnO film is deposited has to be optimised to lie between
these two extremes. The film thus obtained is non-stoichiometric due to the interstitial zinc
atoms and/or deficient oxygen sites and is assumed to possess very good electrical conduc-
tivity with a high transmission response. Many researchers have worked on this parameter
of ZnO films and have reported a value of   /  / cm [26]. Work on the effect of hydro-
gen pressure was performed by Webb et al [28]. It is reported in this work that at pressures
lower than 1x  torr, resistivity of the ZnO film decreases with the increase in hygrogen
partial pressure. At these pressures, hydrogen removes oxygen forming oxygen vacancies
and zinc interstitials in the film. The carrier concentration thus increases decreasing the
resistivity of the film. At high hydrogen partial pressures, increase in compensation from
an increase in the density of acceptor levels decreases the carrier concentration and forms
films with comparatively higher resistivity.
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A vast research was performed to estimate the effect of bias voltage, deposition pres-
sure and deposition temperature on the properties of Zinc Oxide films by various re-
searchers. It is found that, regardless of the deposition conditions and the method of
deposition, the undoped zinc oxide films are unstable in the long term. This unstable na-
ture of the ZnO films is attributed to the change in surface conductance of ZnO films under
oxygen chemisorption and desorption [29].
2.2.4 Optical Properties
Zinc Oxide is transparent to light in the visible region with a sharp cut-off in the UV
region. This region corresponds to the wavelength region from 0.3-2.5  m [26]. This indi-
cates that it is transparent to visible light and absorbs ultra-violet rays. The typical optical
transmittance deposited under optimum conditions is 90%. This property and a refractive
index of 2.0 results in the use of ZnO as the white pigment in the paint industry [1]. Zinc
Oxide can be doped with elements from other groups of periodic table to improve its elec-
trical and optical properties. From the work of Sarkar et. al [30], it is observed that the
bandgap varies linearly with the carrier concentration(N) due to the doping. This value is
observed to be directly proportional to N ﬀﬁ indicating that the Burstein-Moss model can
be used to explain this effect in ZnO films [31]. A plot showing the variation between
carrier concentration and the bandgap of the films is depicted in Figure 2.2. Further stud-
ies have proved that the bandgap variation due to doping at high doping concentrations
N ﬂ (the carrier concentration at which semiconductor-metal transition is said to occur) is
proportional to N ﬃﬁ [32],[33].
2.3 What Makes Zinc Oxide More Interesting?
Zinc Oxide has been used in industry for the past 3 to 4 decades. Research on this
material has revealed that its properties like crystal structure, bandgap and some of its
physical and electrical properties are favourable to the extent of replacing some of the ma-
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Figure 2.2. Plot of Bandgap Versus Carrier Concentration
terials that are being used as lasers and as window layers in solar cells. A brief comparison
of zinc oxide with other materials with similar applications is described in the following
section.
2.3.1 Zinc Oxide as a Better TCO
Zinc Oxide, besides being one of the important materials in the classification of wide
bandgap materials, is one of the important Transparent Conductive Oxides(TCO). Being
abundant in nature it is available at lower cost compared to Tin and Indium, the increas-
ingly used materials as TCOs. It has the added advantage of being non-toxic and it can be
deposited at relatively low temperatures. Zinc Oxide has very good optical and electrical
properties. According to Lee et al. [34], these values for ZnO could be either a match or
exceed the values of Tin or Indium Tin Oxide. One of the major applications of TCOs is
as the front electrode of amorphous silicon solar cells wherein the substrate is subjected to
hydrogen during the initial stages of the fabrication. In the case of polycrystalline silicon,
hydrogen is used to passivate the grain boundaries [35]. During this process tin oxide re-
duces leading to additional absorption of light. This is one of the major drawbacks of tin
oxide though it is one of the best materials to be used in silicon solar cells in terms of their
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optical and electrical properties. But studies have shown that zinc oxide is very stable in
hydrogen atmosphere [36],[37]. The other major disadvantage of tin oxide is that it has
less light-trapping ability leading to a limitation in cell performance. Muller et al. [38]
in their work have found out that a post-deposition chemical etching step textures ZnO:Al
films resulting in lowering the resistance of these films. It is also found that these films
when incorporated in amorphous-Si solar cells produced an initial efficiency that is already
higher than commercially available using tin oxide substrates. This is the important reason
which prevents tin oxide from being used for large area module manufacturing[38],[39].
With these advantages, the usage of ZnO and Al-doped ZnO is increasing in the industry
day by day.
2.3.2 Zinc Oxide in Optoelectronics
Gallium Nitride (GaN) is used as the major source for blue lasers since the mid 1990s.
It is also used extensively in fabricating devices like piezoelectric and waveguide devices,
light emitting diodes and photodetectors. The structure and the bandgap of Zinc Oxide
prove promising for these applications. Recent studies have proved that ZnO could be
used as the substrate for GaN films as both the materials share the same structure [14].
The exciton binding energy, the important property for any optical device like LEDs and
lasers is 60 meV in ZnO which is 2.4 times that of GaN. This is another reason why ZnO is
a prospective candidate for these devices [40]. Apart from these optical properties ZnO has
some interesting physical properties that have made it more attractive in this field. When
compared to GaN, it is harder and the Zn-O bond is larger than the Ga-N bond which could
make the major issue p-type doping, less complicated [14]. With a melting point of 2000
	 C it is sufficiently stable at high temperatures. This is an important requirement during
doping and formation of ohmic contacts. The higher hardness, resistance to mechanical
stress and high melting point temperature of a material also expand the lifetime of LEDs
and blue laser diodes [14].
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Therefore, ZnO as a potential wide bandgap material can be used in short-wavelength
light emitting devices such as light emitting diodes, photodetectors, electroluminescence
devices and the next generation UV semiconductor lasers [40].
The factor that p-type doping of ZnO has added advantage to it initiated the interest
for this research. A brief description of doping, issues in p-type doping and the work by
many researchers on this topic is further discussed in this chapter.
2.4 Doping Technique in Zinc Oxide
2.4.1 Doping Zinc Oxide N-type
Zinc Oxide is a n-type semiconductor by nature due to its zinc interstitials and oxygen
vacancies. It is externally doped to produce films of higher conductivity and high carrier
concentrations. Zinc Oxide could be readily doped n-type due to its high electron affinity.
Many researchers have worked on doping ZnO n-type using group III elements like alu-
minium, gallium, indium, etc. [41]. This process is found to produce ZnO films with more
n-type conductivity improving its transparency and conductivity. A study by Igasaki et al
[42] has proved that doping in ZnO improves not only the electrical properties of the film
but also its thermal stability. In this study, it has been proved that ZnO films doped with
3 at % In are found to exhibit thermal stability up to 650 K in vacuum and up to 450 K in
oxygen ambients. Among all the n-type dopants being used, Aluminum is found to be the
best dopant as it produces films with the highest conductivity and transparency compared
to any other dopant [41]. Aluminium doped zinc oxide (AZO) is deposited using various
techniques such as pulsed-laser deposition, rf magnetron sputtering, chemical vapor depo-
sition, spray pyrolysis and the sol- gel process. Pulsed laser deposition and rf magnetron
sputtering produce films with good electrical and optical properties at a comparatively
lower deposition temperature. The sputtering technique has the added advantage of pro-
ducing a uniform wide area deposition. But these techniques are disadvantageous when it
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comes to the deposition rate as they have very low deposition rates. The initial cost of the
equipments used in these techniques is also high [43].
The properties of AZO films varies a great deal with respect to the deposition condi-
tions. One of the important inferences that is drawn by various researchers who deposited
AZO using various techniques is that though AZO produces a very good set of optical
and electrical properties, there is always a trade-off between the two. The resistivity of
the AZO films increases with the increase in doping due to the increase in the number of
charge carriers. Although at high temperatures, the resistivity gets saturated as aluminium
oxide precipitates around the grain boundaries due to the excessive aluminium atoms. The
optical properties are affected in a total opposite manner with the increase in doping. The
increase in the number of charge carriers increases the free carrier absorption at higher
wavelengths. This phenomenon is well explained in ref [2]. From figure 2.3, it is evident
that the conductivity of the film increases with the increase in the sputtering voltage after
500 V. The optical properties in Figure 2.4 explains to us that at 420 V, there is no free
carrier absorption as there is no incorporation of Al in the films. But as the sputtering volt-
age increases, interference effect gets lowered which confirms the presence of aluminium
in the film. This is accompanied by the increase in the free carrier absorption in the IR
region.
Figure 2.3. Conductivity of ZnO:Al Films at Various Sputtering Voltages
One of the techniques used to achieve higher conductivity with less compensation of
electrical conductivity in AZO is reported by C. Agashe et al. [44]. In this work, a set
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Figure 2.4. Variation of the Absorption Coefficient with the Sputtering Voltage for the
ZnO:Al Films [2]
of AZO films deposited using targets with different Al

O

/ZnO or Al/Zn weight ratios
use RF, DC and DC reactive sputtering. It is reported in their work that a low resistivity
of 3.7x   cm without compensating much on the optical properties of the film is
obtained by lowering the target doping concentration.
Deposition temperature is one other major issue which has a major effect on the crys-
tallinity of the films. This results in variations in the properties of the deposited film.
Chang et al. [45] have done a extensive research in this aspect of the deposited film. It
is inferred from their work that the films are crystalline throughout the deposition tem-
perature range, i.e. from 200 	 C to 350 	 C. The roughness of the film from the surface
morphology analysis using AFM has revealed that the films that are deposited in the tem-
perature range of 200 	 C to 250 	 C reduce with the increase in the adatom mobility of
the depositing material on the substrate. The resistivity is found to be minimum until 250
	
C due to the increase in the carrier concentration with the increase in temperature. But
at higher temperatures, the resistivity is found to be increasing as seen in Figure 2.5. The
XPS measurements on these films have revealed the presence of oxygen impurities as the
major contributor for this effect at high temperatures. This implies that there is an increase
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in the chemisorbed oxygen which forms electron traps thus reducing the conductivity of
the films. Optical properties show that the carrier concentration is maximum in the films
deposited at 250
	
C as they have the maximum optical bandgap of 3.5 eV.
Figure 2.5. Variation in Resistivity of the Film with the Deposition Temperature
The mechanical properties of AZO films determine its durability. This in turn governs
the mechanical stability and electrical properties of the film. The mechanical properties of
ZnO:Al films is analyzed by Puchert et al. [46], and they found that the residual stress in
these films could reach values as high as "! Pa. J.F. Chang et al. [41] have investigated
the effect of sputtering parameters on the structural characteristics and residual stress of
ZnO:Al films. They found that at a lower oxygen fraction, the RF sputtered ZnO:Al films
have a lower growth rate due to the resputtering effect. This results in a film with high
compressive stress and poor crystallinity due to the formation of an Al

O

phase. This
effect is independent of the sputtering power. With the increase in the oxygen fraction,
there is a reduction in the resputtering effect and the deposited film has a higher growth
rate with low internal stress. A film with the highest growth rate and lowest compressive
stress is said to be formed at 12% oxygen fraction. Figure 2.6 depicts the conclusions
drawn in this work.
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Figure 2.6. Variation in Residual Stress in the Film with Variation in the Oxygen Fraction
2.4.2 Issues in Doping Zinc Oxide P-type
The increase in interest in ZnO films is due to their incredibly high electrical conduc-
tivity and optical transmission. The exciton energy (the important property required for
opto-electronic devices such as laser diodes) for ZnO is high with a value of 60meV when
compared to the 25meV of GaN and 20meV of ZnSe [13]. Many of the applications that
could utilize this property of ZnO are p-n junction semiconductor devices. Thus if ZnO
could be made p-type, a strain free interface could be produced in the homojunction. This
improves the performance of the devices.
Doping has always been an issue in wide bandgap materials because as the bandgap of
a material increases it becomes difficult to dope them in a symmetric (p-type and n-type)
fashion. For example, doping diamond p-type is very easy compared to n-type which is
very difficult to obtain. Similarly, there are quite a few issues in doping GaN p-type while
it is easy to make n-type GaN. The various practical doping principles are discussed vig-
orously by Alex Zunger [47] and he has encoded a basic three-term formula that describes
the formation enthalpy of dopant D of charge state q in host crystal “H”. It is given as,
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#%$'&)(+* ,ﬁ- (  ,E . ) = qE . + n ( (  ( - 0/ ) + # E 1 ,
where  ( and 2/ are the chemical potentials of the dopants and host, E . is the electro
(chemical) potential (Fermi energy), n ( is the number of dopants, # E 1 = E(host + defect)
- E(host) is the excess energy of the local chemical bonds around the dopant and E is the
total energy.
These terms in terms of ZnO could be explained as,
2.4.2.1 Avoiding Fermi-Level-Induced Compensation Effects by Spontaneous Gen-
eration of Native Killer Defects
Every p-type material has a saturation energy level called the Pinning Energy repre-
sented as E 3
& 45-
. Doping beyond this energy level, it is believed, results in formation of
native hole killers such as an anion vacancy (oxygen vacancy in ZnO) 687:9 or cation in-
terstitials (Zn interstitials) ;87=< at which point p-type doping is no longer possible. These
values for various materials are given in Figure 2.7.
Figure 2.7. The n-type Pinning Energy and p-type Pinning Energy Relative to the Absolute
Band-Edge Energies of III-V and II-VI Semiconductors
From the figure, we could see that the E 3
& 4>-
level for ZnO is considerably above
the Valence Band Maximum(VBM) which indicates that the downward movement of the
fermi level due to doping to obtain p-type conductivity will reach the pinning energy be-
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fore reaching the VBM thus resulting in zinc interstitials and oxygen vacancies. This
problem can be controlled by doping Zinc Oxide under Nitric Oxide(NO) or Nitrogen di
Oxide(NO

) gas thus creating internal oxygen precipitates that eliminate oxygen vacancies
[48],[49].
2.4.2.2 Enhancing Dopant Solubility
 The solubility of the dopant is a major factor that helps in enhancing the doping effi-
ciency. The unstable, highly reactive Nitrous Oxide(NO) or Nitrogen di Oxide(NO

)
gas when impinging on the growing surface improves the solubility of the dopants
more than a stable gas such as Nitrogen (N

) [48],[49].
 The Anion-substituting dopants are expected to be more soluble under host anion
poor and cation rich conditions. Thus, ZnO:N films are best grown under Zn-rich
conditions [50].
2.4.2.3 Doping Rules Pertaining to Local Defect Bonding Effects
Although the above conditions are produced by some means, the local bonding around
the local chemical bonds should be stable. In the case of ZnO, this effect could be what is
called “cluster doping”. For example, the weak Zn-N bonds could be replaced by doping
ZnO such that one of the ZnO bonds is replaced by a stable Zn-Al bond and the four
oxygen atoms by four nitrogen atoms thus creating four strong Al-N bonds. Since Al-N
bonds are stable, their doping of ratio 4:1 between acceptors and donors could facilitate
stable local dopant bonding and enhanced solubility. This work is currently performed by
researchers L. Wang and A. Zunger and is expected to produce more stable bonds than the
co-doping technique.
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2.4.3 Literature Review
According to the literature, achieving p-type doping in ZnO is very difficult for various
reasons as described in the previous section. A thorough theoretical research on this topic
using first principles proved that nitrogen could be used to produce shallow p-type dopants
in ZnO [51]. Nitrogen with five valence electrons replaces oxygen with 6 valence elec-
trons in the Zn:O bond and forms Zn:N bonds with a deficiency of one electron per Zn:O
bond making it p-type. Many researchers have been trying to achieve this using various
deposition techniques such as Molecular Beam Epitaxy, Metal Organic Chemical Vapor
Deposition, Pulsed Laser Deposition, DC, RF and Reactive Sputtering technique,etc. un-
der different deposition conditions. The work of some of these researchers is discussed in
this section.
Sato et al. [52] were one of the initial groups to perform doping of ZnO using nitro-
gen. The films were deposited on an ? -Al

O

substrate in a reactive evaporation system in
the ambience of oxygen and nitrogen mixtures. The gases were excited using a RF(13.56
MHz) discharge of 80 W. Zinc metal was heated using a tungsten heater and was evapo-
rated at a constant rate using a quartz crucible. The deposited films were annealed at 450
	 C in air or nitrogen for 1 hour. The N

/N

+O

ratio was varied from 0% to 100%. XRD,
electrical properties and photoluminescence spectra for the films deposited under different
deposition conditions were measured. Films with a resistivity of 0.1 to 10  -cm were ob-
tained with the increase in the nitrogen mixing ratio and these properties were found to be
changing with the annealing process in the presence of air.
Futsuhara et al. [53] deposited ZnO films using an rf magnetron sputtering technique
on borosilicate glass substrates. All the films were deposited at a temperature of 423 K
in the presence of Ar-N

mixture. The ambience was varied from 0% to 75%. Optical
properties predicted the presence of nitrogen incorporation as the optical bandgap was
found to be decreasing form 3.26 to 2.30 eV with the increase in the nitrogen concentration
from 0% to 75%; though the films were reported as n-type.
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Joseph et al. [54] deposited ZnO films on corning #7059 glass and saphhire substrates
using pulsed laser deposition. A ZnO disc doped with different concentrations of gallium
was used as the target. An ArF (Argon-Fluorine) excimer laser operated at 1 Hz at a
fluence af about 0.5 J/ @5A  was used for this purpose. A necessity to account for the
oxygen vacancies in ZnO was considered in this research. As reported by Sato et al. in the
previous part of this section, using oxygen and nitrogen mixtures was not very successful.
The fact that N

O gas possessess an ionization potential between oxygen and nitrogen
was used in this work. Hence, N

O gas with and without an ECR or RF plasma source
was used. P-type ZnO films with a room temperature resistivity of 0.5  cm and a carrier
concentration of 5 x B ! @CAD was obtained. It was observed that p-type conductivity
improved by using Ga as the donor dopant and ECR or RF as the source to excite nitrogen.
Z.-Z. Ye et al. [55] in 2003 had come up with a totally new phenomenon. In this
work, a zinc metal target was used to provide a Zn-rich environment and the films were
deposited in a NH

/NH

-O

environment. Since the electronegativity of O

is more, Zn
readily combines with O

rather than with Nitrogen. The reactions that occur in the NH

-
O

environment are,
Zn(v) + 1/2 O

(v) E ZnO (s) F (1)
Zn(v) + 1/2 O

(v) + NH

(v) E ZnNH(S) + H

O(v) F (2)
(v) and (s) represent vapor and solid phase respectively.
As represented in equation (2) nitrogen is electrically inactive due to the hydrogen
passivation. These N-H bonds are dissociated in the subsequent growth process as the
oxygen in the ambient reacts with the hydrogen and forms surface hydroxyl-groups of
water.The films were deposited on ? -Al

O

(0 0 0 1) substrates and the characteristics
of the films deposited in a temperature range of 400-500 	 C with NH

-O

environment
varying from 0% to 67% were observed. It was observed that films deposited at a substrate
temperature of 500 	 C and an ammonia concentration of 50% showed the best electrical
resistivity of 35  - cm with a carrier density of 3.2 x ﬃG@5AD .
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Ohshima et al. [56] attempted to deposit p-type ZnO films by co-doping ZnO and Ga
on ? -Al

O

substrates. The deposition technique employed to do this work was Pulsed
Laser Deposition. The target was ablated in NO gas. It was suggested that NO gas has a
lower dissociation energy of 6.1 eV compared to that of N

of 9.1 eV. This phenomenon
was supported by the theoretical analysis of Yan et al [49]. The PLD deposited films were
n-type conductive with a resistivity of  - H cm with its carrier density varying
from ﬃH@5AD to BIJH@CAD . It was proposed in this work that further research in this
technique would help in the fabrication of high-quality p-type ZnO.
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CHAPTER 3
PROCESS DESCRIPTION
3.1 Deposition Chamber
Vacuum chambers used to deposit thin films are mostly made up of stainless steel or
pyrex glass as these materials are non corrosible, non-magnetic, easy to weld and clean,
highly malleable and have good outgassing characteristics. For the same reason, the vac-
uum chamber used to deposit the Zinc oxide films discussed in this thesis is made up of
stainless steel parts enclosed within a pyrex bell jar. A rubber gasket is used to hold the
vacuum between the bell jar and the collar placed over the base plate. The base plate
and the collar contain feedthroughs for power, waterlines (for the sputter gun and crys-
tal monitor), thermocouple, gas lines and other purposes. Rubber O-rings act as vacuum
sealant between the feedthroughs and the chamber. The chamber contains a rotatable sub-
strate holder supported by an external motor connected to the chamber through one of the
feedthroughs. The typical base pressure that could be maintained using this setup is in the
low  K range.
The Vacuum chamber used to deposit the films for our experiments is constructed by
Consolidated Vacuum Corporation, New York. Figure 3.1 depicts the vacuum chamber
used to deposit the ZnO films. Vacuum inside the chamber is created using a combination
of Seargent - Welch rotary vane mechanical pump and CVC’s PMC diffusion pump. A
description of the pumping system and other components involved with this deposition
system is discussed in the following sections.
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Figure 3.1. Deposition Chamber
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3.2 Process Technique
For sputtering from a ZnO target RF sputtering is used. Zinc target is used on a second
gun to produce a zinc rich enviornment during deposition.
3.2.1 Sputtering Principles
Sputtering is a type of Physical Vapor Deposition as it uses the principle of momentum
transfer to remove neutral atoms from a target. A simplified cross section of a sputtering
system is depicted in the following Figure 3.2.
Figure 3.2. Simplified Cross Section of a Sputtering System[3]
The material to be deposited (target) acts as the cathode and is connected to a negative
voltage supply which could be either DC or RF. The substrate is placed on a substrate
holder and could be grounded, floating, biased, heated, cooled, or could be a combination
of these. The substrates are placed exactly above the target. This setup is placed inside a
vacuum system which is pumped down and maintained at high vacuum. An inert gas like
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Argon is introduced into the system as the medium for glow discharge. This is because
an inert gas like Argon has its metastable energy greater than its first ionization potential
which helps in producing a sufficient supply of ions for self sputtering. When this glow
discharge is initiated, ions with high kinetic energy strike the cathode and the subsequent
collisions knock loose the neutral atoms from the material by momentum transfer. These
neutral atoms then condense on the substrate to form thin films. The principle of momen-
tum transfer used to deposit materials has made the sputtering technique very attractive.
Using this technique it is easy to deposit materials which could not be easily deposited
using other techniques. This includes even refractory materials.
3.2.2 Magnetron Sputtering
Although the glow discharge sputtering technique seems to be a powerful deposition
technique, the major disadvantage of this technique is its low ionization efficiency. Further
developments to improve the ionization efficiency of the glow discharge is obtained by
including other techniques like axial and transverse magnetic fields, thermionic additions
of electrons, and rf coils.
In the case of Magnetron sputtering, the ionization efficiency is improved by using
a magnetic field parallel to the cathode surface and thus restraining the primary electron
motion to the vicinity of the cathode. These electrons thus trapped move inside the orbit
gain a higher mean free path and collisionally scatter before reaching the anode. Conse-
quently magnetron sputtering requires lower gas pressures to sustain the plasma compared
to that of the diode sputtering technique. Reduced scattering and increased electron usage
efficiency leads to a better deposition rate and reduced applied voltage to sustain a plasma
in this technique. Along with these advantages, this technique has the disadvantage of the
dicharge being swept to one side by the E x B force. This is avoided by using cylindrical
cathodes that allow these drift currents to close on themselves. On the basis of the type of
magnets used, magnetron sputtering is classified into different categories like cylindrical
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magnetron, hollow cathodes, cylindrical-post, cylindrical-hollow and planar magnetrons.
[3]
3.2.3 Planar Magnetron Sputtering
The Planar Magnetron Sputtering technique uses both DC and RF sources to deposit
materials depending on the physical properties of the material.
3.2.3.1 System Configuration
A set of Permanent magnets, electromagnets or a combination of both are placed be-
neath the cathode (target material) in such a way that there is at least one closed path of the
magnetic field lines in front of the cathode. An anode in betwen the cathode and the dark-
space shield is generally preferred to prevent electron bombardment on the substrate. A
planar magnetron setup could be either circular or rectangular in shape. The Torus-5M gun
used in this work has a circular planar magnetron configuration with a permanent magnet
in the center behind the target. Water runs through the cathode assembly to prevent the
target from getting heated due to the high sputtering powers used. In this thesis work, the
RF sputtering technique is used to deposit zinc oxide. Zinc oxide being a highly insulating
ceramic target requires higher power levels to initiate and maintain a glow discharge and
is thus powered using a RF source. Zinc is a conductive metal target not requiring high
power levels for operation and thus a DC power source is used for sputtering Zinc.
3.2.3.2 Disadvantage of the Technique
 In the case of a planar magnetron sputtering system, the thickness of the deposited
material is non-uniform on the substrate. The cathode region exactly above the mag-
net has a high plasma density which has a direct effect on the amount of material
getting sputtered from the target thus resulting in a non-uniform film. Researchers
have found that the thickness distribution from the planar disk magnetron agrees
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with that calculated for a ring source having a cosine emission characteristic. Ac-
cording to that, the best film uniformity is obtained when the source inner radius “r”
is about 0.7 times the source-to-substrate distance “h”, and the outer ring radius is
about 0.8h [57].
 Though the Planar magnetron sputtering technique has an appreciable deposition
rate, it is limited by the maximum power flux that can be applied to the target (cath-
ode) without cracking, sublimating or melting it.
3.2.3.3 Advantages of the Technique
 Planar Magnetron Sputtering technique is good for wide area depositions.
 The deposition parameters that govern the properties of the film such as DC, RF
power, temperature and pressure can be precisely controlled.
3.2.3.4 Comparison of DC and RF PM Sputtering
RF PM Sputtering has the ability to sputter insulators and dielectric films that cannot
be sputtered using a DC PM Sputtering technique. However, RF sputtering is a complex
system that requires an impedance matching network as an additional component. For this
reason, the DC PM Sputtering technique is used to deposit conducting films.
3.2.3.5 Applications
 Industries - It is used to replace electron-beam deposition for plastic film metal-
lization and for antireflection and thermal barrier coating of architectural glass. It
is also used as a decorative and functional coating on plastic and anticorrosion or
abrasion-resistant coating on metal.
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 Thin Film Electronics - It is used to deposit aluminium metal for integrated circuit
metallization, Cr-Cu, Cr-Au Ceramic metallization, Ta-Al, TaN resistor films, Cr
alloy plastic metallization, insulators and dielectrics for various applications.
3.2.4 Target and Sputtering Gun Assembly
The source for the material to be deposited, the sputtering target, is a 1/4 inch zinc
oxide ceramic target while the Zinc target is a metal target of 1/8 inch thickness.
Torus-5M sputtering guns are used to sputter both the targets. These guns are designed
to hold both 1/8 and 1/4 inch targets. To ensure a secure seating of the targets on the
water cooled block, a retainer ring is screwed using a set of stainless screws to the water
block with the target in between them. The dark shield is placed over this setup. Once
the spacing between the dark shield and the retainer ring is checked for its uniformity
throughout, the gun is ready for operation.
3.3 Substrate Processing
7059 Borosilicate glass is used as the substrate for depositing the thin films. The glass
piece is subjected to a sequential cleaning process before being loaded for deposition. The
glass pieces are rinsed in flowing de-ionized water to remove dust particles. They are then
cleaned with a 5 seconds dilute HF (1:10) dip, followed by a 3 seconds dip. Everytime the
glass piece is dipped in HF solution, it is flushed under flowing water to remove the HF
solution on the glass piece and blown dry using compressed nitrogen.
3.4 Sample Loading
The substrates thus prepared are loaded on to a graphite substrate holder and are held
by four stainless steel screws. This setup is then mounted on the rotary sample holder
assembly. This rotary assembly aids in placing the substrate exactly over the zinc oxide
target and under the heating lamp assembly. A type-K, high temperature quick discon-
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nect thermocouple is inserted into the graphite holder to monitor the temperature of the
substrates during heating and deposition.
3.5 Pumping System
The vacuum inside a vacuum chamber is created and maintained using a pumping
assembly. There are various factors that are to be considered when choosing a pumping
system. The pumping rate, ultimate pressure that can be achieved, ability to handle gas
loads and potential for oil contamination of the pump are some of them. The pumping
system used for the deposition chamber used in this work is a combination of a rotary
vane pump (Sargent-Welch) for roughing the system to a pressure of   torr and a PMC
CVC Diffusion pump for maintaining a high vacuum in the system. This pump has the
capability to pump the system down to a pressure in the microtorr range. A cold trap for
liquid nitrogen improves the efficiency of pumping. It traps water vapor and condenses
it. Hot oil inside the diffusion pump collects these condensed water vapor particles and
pumps it out eventually using the rotary vane pump. The liquid nitrogen content in the
cold trap is maintained full throughout the process.
3.6 Parameters Involved During Deposition
3.6.1 Temperature
The substrates are heated using two 300W, 120V OSRAM halogen photo optic lamps.
The temperature of the samples is controlled and maintained using a 3PN 1010B Newark
Inone Variable transformer and monitored using a k-series, high temperature quick dis-
connect thermocouple. This thermocouple can read temperatures up to 700
	
C and is
grounded using a stainless sheath. The temperature is read using a multimeter in terms
of voltage and is converted to its temperature equivalent using a voltage to temperature
32
chart. A correction value of 25 	 C (room temperature) is added to it to obtain the actual
temperature of the substrate holder and the samples.
3.6.2 Pressure
Deposition pressure is one of the important parameters that could affect the properties
of the film. The pressure inside the vacuum chamber is read using a 122AA-00002AB (0-
10 VDC O/P) MKS Baratron. While the chamber is roughed using the mechanical pump
a Kurt J. Lesker 6000 series TC gauge in series with a TC-10 KJL read out is used to read
the pressure inside the chamber. Ports for TC gauges are provided at different parts of the
chamber enabling a check of pressure at different sections of the chamber. This way it is
easy to localize the leak inside a vacuum chamber. The low pressures inside the chamber
are detected by the G100Tk ionization gauge and are read using a 260 series Grainville-
Phillips ion gauge controller. This controller can read a vacuum between B and B
!
Torr. Good control of the pressure inside the chamber is thus achieved using these pressure
readouts.
3.6.3 Gas Flow
The sputtering gas, argon and reactive gases oxygen and nitrogen used for doping
that are passed into the chamber should be controlled. This would otherwise affect the
properties of the film. For example, excess argon gas increases the atomic collisions in the
glow discharge and reduces the deposition rate. Good control of these gas flows is achieved
using a combination of needle valves and mass flow controllers. The MFC controllers have
a high precision in controlling the gas flow even in the mTorr range.
3.6.4 RF Power
The RF power supplied to the ZnO sputtering gun is provided using an external 910
series Veeco Instruments rf power supply and a MWS-500E Plasma-Therm is used for rf
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tuning and as the matching network. The amount of power supplied to the gun controls the
amount of ions produced during the sputtering of the target material and thus their density.
3.6.5 DC Power
MDX 1.5K by Advanced Energy Systems is used as the DC power supply to the Zn
metal sputtering gun . The value of the DC voltage applied to the gun is precisely con-
trolled using a set point current.
3.7 Shut Down Procedure
The chamber is allowed to cool down to room temperature after the deposition is com-
pleted, and the power sources for the gun assemblies and the lamps are switched off. The
diffusion pump is then switched off and allowed to cool down for sufficient amount of
time until the oil inside the pump reaches room temperature. The foreline and roughing
valves are then closed and the chamber is backfilled using ultra high purity Argon.
3.8 Safety Precautions
 Oil level in both the pumps should be checked periodically. The oil inside the me-
chanical pump has to be changed once every two months for efficient pumping.
 The diffusion pump should be allowed to cool down completely before closing the
foreline valve of the chamber.
 Water lines to the system should be checked for blockage periodically. Always, the
water line should be opened before the beginning of the process. Absence of water
flow may result in major problems like target melting and spoiling the operation of
the diffusion pump.
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 The fans connected to both the RF and DC power supply systems should be kept
ON for sufficient amount of time after the power supplies are switched off to make
sure that the systems cooled down completely.
 The water line to the chamber should be shut down when the process is completed
to avoid an unexpected water leak inside and outside the deposition chamber.
 The dark shield spacing should be checked before the chamber is pumped down. The
shield should be tightened properly to the cathode of the gun which might otherwise
short circuit the gun.
 While checking for leaks in the chamber using methanol, care should be taken
to avoid major fire accidents. These accidents could occur when methanol gets
spilled on hot places like beneath the pump and can catch fire as methanol is highly
flammable. These accidents could be avoided by using a kimwipe sprayed with
methanol.
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CHAPTER 4
RESULTS AND DISCUSSION
The Zinc Oxide films discussed in this chapter were deposited in the setup described
in chapter 3. The films were deposited at substrate temperatures ranging from 200
	
C
to 400 	 C with the base pressure values ranging from 2 to 4  Torr. The other deposition
conditions such as the partial pressures of oxygen and nitrogen, the conditions used for
providing a zinc rich environment are mentioned in the respective subdivisions. Through-
out the research, a Dektak 3030ST auto/surface texture profiler was used to measure the
thickness of the samples. The sheet resistance of the ZnO films was determined using a
four point probe setup in the laboratory. The values for carrier concentration and the mobil-
ity were obtained using Keithley 900 series Hall equipment. The optical characterization
was performed using transmission/absorption spectroscopy. The presence of nitrogen in
the films was substantiated by the data obtained from the EDS analysis using a Hitachi
S-800T EDAX analysis system.
4.1 Undoped Zinc Oxide Films
Undoped zinc oxide films are n-type due to the presence of Zn interstitials and oxygen
vacancies. A 99.999 % pure ZnO target used for this purpose was RF sputtered. The sub-
strate temperature was maintained at 491 	 C. The sputtering gas, argon, was maintained
at a pressure of 5mt throughout the process. The typical thickness of these films was
around 1900A˚. Optical measurements show that these films are highly transparent with a
transmittance of 90 % in the visible wavelength region (see Figure 4.1). The absorption
wavelength was observed at a wavelength of 340 nm. The bandgap of these films was
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3.2 eV. Hall measurements confirm the films to be n-type conductive with a resistivity of
1.9 x 10 LM - cm. The values for mobility and carrier concentration were found to be
4.3 x 10 L cm  /V-s and 7.3 x 10 

cm  respectively. This high value of conductivity is
due to native defects. The resistivity can be significantly increased by providing oxygen
sputtering ambient.
400 600 800 10000
20
40
60
80
100
Wavelength (nm)
Tr
an
sm
itt
an
ce
 (i
n %
)
Figure 4.1. Transmission Response of an Undoped ZnO Film
4.2 Codoping Technique Using Aluminium
Codoping is the process of adding acceptor impurities in the presence of donor impu-
rities. According to the literature, the presence of donor impurities decreases the binding
energy of the dopant thus improving the incorporation of the acceptor impurity [47]. An
aluminium doped ZnO target with 2 wt% Al

O

was used for this purpose. The substrate
temperature was maintained at 411 	 C and the target was sputtered at an rf power of 60
W. The sputtering pressure was constantly maintained at 5mT throughout the period of
deposition. These conditions hold good for all the samples discussed in this section. Table
4.1 shows the data obtained from the four point probe and hall measurements for ZnO:Al
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films deposited at various partial pressures of nitrogen. From the table, it can be seen that
the resistivity of the ZnO:Al films increased with the introduction of 1mT of nitrogen gas
in the ambient. A further increase in the partial pressure of nitrogen gas to 1.7mT produced
a highly insulating film. This indicates that nitrogen has compensated the Al and suggests
that a further increase in the nitrogen partial pressure might result in a shift in the carrier
type. In an effort to obtain this, sample no. 4 was deposited at 2 mT of nitrogen partial
pressure. No film was obtained on the substrate deposited under this condition. A trend
in the thickness of the film which was observed with the increase in the partial pressure of
nitrogen is discussed in the following section.
4.2.1 Effect of Nitrogen on Film Thickness
Figure 4.2 depicts the effect of nitrogen pressure on the thickness of the film. The
thickness of the film reduced with the corresponding increase in the nitrogen pressure.
The gradual decrease in thickness from 1150 ˚

in sample 2 to 500 ˚

in sample 3 with
an increase in the partial pressure of nitrogen from 1mT to 1.7mT was observed. The
other sputtering parameters such as sputtering power, substrate temperature and the total
deposition pressure were maintained constant for this set of experiments. In the case of
sample no.4, there was no deposition. When compared to the deposition conditions of
this sample with the previous ones, the increase in the partial pressure of nitrogen(2mT)
is the only difference. Though this value is high, the Ar partial pressure was 3mT and
thus comprised more than 50 % of the ambient gas mixture. This indicates that the plasma
was stable during the deposition process and should have continued sputtering ZnO. This
reason suggests that nitrogen had etched the film as it grew.
4.3 Doping Under Zinc Rich Environment
Literature [47] suggests that anion-substituting dopants will be more soluble under
host anion poor growth conditions. The anion poor condition otherwise means the low
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Table 4.1. Electrical Properties of AZO:N Films
Sample Partial pressure Substrate Thickness Resistivity Carrier
No. pressure Temperature (A˚) (  - cm) type
of Nitrogen (mT) (
	
C)
1 0 411 1500 4.22 x 10  n
2 1 411 1150 0.97 x 10 L n
3 1.7 411 500 Not Conductive -
4 2 411 NO FILM - -
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Figure 4.2. Thickness of the AZO:N at Different Partial Pressures of Nitrogen
chemical potential for the anion formation. One of the ways to obtain this is to dope the
host material and attain a cation-rich environment. Thus doping ZnO with nitrogen in
a zinc-rich environment is expected to increase its incorporation in the ZnO film. This
condition is incorporated in the work by Z.-Z. Ye et al. [55] in which ZnO films were
deposited using reactive sputtering of a metallic Zn target in an oxygen ambience with
ammonia used for doping purposes. They obtained p-type films with a coductivity of 35
 cm.
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In our experiments, we attained a cation-rich environment as follows. A 99.999 
pure ZnO target was sputtered at an rf power of 70 W. The temperature of the substrates
was varied from 200
	
C to 491
	
C while the sputtering pressure was maintained at 5mT.
The initial experiments used a zinc chunk on the ZnO target to provide the Zinc rich
environment during the deposition of the films. Following this, excess Zn was supplied
by cosputtering from an adjacent Zn target. Further details of the arrangement will be
provided below.
The effect on the film properties by the variation in substrate temperature and partial
pressure of nitrogen was studied. Table 4.2 summarizes the electrical properties such
as conductivity and carrier type obtained from the hall measurements. Sample nos. 1
and 2 are the ZnO films obtained when the Zn chunk was used to provide the Zn-rich
environment, while sample nos. 3, 4, 5 and 6 represent the results obtained using the
dc sputtering of the Zn target. From the table it is seen that the increase in the nitrogen
pressure did not have any effect on the thickness of the film in sample nos. 1 and 2.
Table 4.3 summarizes the data obtained from the EDS analysis performed on the same
samples. From Table 4.2, it can also be observed that the increase in the nitrogen pressure
in sample no. 2 as compared to sample no. 1 did not result in measurable conductivity.
Though the four-point probe and hall measurements did not show any conductivity of these
samples, the EDS analysis indicated the presence of nitrogen. The EDS data showed that
the increase in nitrogen partial pressure resulted in a decrease in the atomic % of nitrogen
which is a contradictory result as an increase in the nitrogen partial pressure is expected to
produce an increase in the nitrogen incorporation in the film. The non-uniform distribution
of the Zinc rich environment provided by the Zn chunk might contribute to this result.
In order to improve the deposition parameters, the zinc chunk was removed from the
target and replaced by sputtering from a second sputter gun. The DC power for the Zn
metal gun was maintained at lower values of 3 or 4 W in order to reduce the Zn level to
acceptable values. This produced a Zn deposition rate of approximately 0.03 ˚
ON
s. The
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Table 4.2. Electrical Properties of ZnO Films
Sample Partial Sub Dep
no. pressure Temp time Thickness Resistivity Carrier
of N

( 	 C) (Hrs) (A˚) (  - cm) type
(mT)
1 0.5 200 4 3300 - -
2 1 200 4 3450 - -
3 0.5 200 4 4000 - -
4 0.5 466 4 1400 1.6 x 10 L n
5 0.5 466 8 1800 1.8 x 10 L n/p
6 0.5 491 4 4500 3.74 x 10  n
Table 4.3. EDS Data for ZnO Films
Sample Partial Sub EDS data for N
no. pressure Temp
of N

( 	 C) atomic 
(mT)
1 0.5 200 4.54
2 1 200 0.48
3 0.5 200 1.10
4 0.5 466 1.28
5 0.5 466 0.72
6 0.5 491 1.28
orientation of this gun with respect to the substrate is shown in Figure 4.3. From Table
4.2, it can be seen for sample no. 3 that the ZnO film still remained non-conductive
though deposited at the same substrate temperature of 200 	 C (as sample nos. 1 and
2) and at 0.5 mT of nitrogen partial pressure. The profilometer measurements showed
an improvement in the thickness distribution of these films. Nitrogen was successfully
incorporated (according to Table 4.3), but it was not electronically active. To help activate
it, the substrate temperature was increased from 200
	
C to 466
	
C . As seen in Table
4.2, an increase in substrate temperature reduced the thickness of the films. This is in
agreement with the results obtained by S.S. Lin et al. [58] and K. B. Sundaram et al. [59].
In their work, it was stated that at low substrate temperatures, the adatom mobility of the
atoms is low resulting in a low density and highly porous film with rough surfaces. This
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indicates the possibility of nitrogen getting incorporated in the defective sites in sample
nos. 1, 2 and 3 which resulted in nitrogen being electronically inactive. According to the
same research groups, when the substrate temperature was increased, the adatom mobility
was increased and re-evaporates the poorly combined structure. Thus an increase in the
diffusive ability of atoms or molecules with the increase in substrate temperature resulted
in the lowering of the deposition rate. Though the deposition rate is affected, the films
obtained in these substrates had better crystallinity. But the deficiency of oxygen in these
films lead to a non-stoichiometric film. These effects of high temperature on ZnO explain
the n-type conductivity of the films deposited at high temperatures (sample nos. 4, 5 and
6). Sample no. 5 was deposited under the same conditions as sample no. 4 except for the
deposition time which was doubled. This sample showed an unstable carrier type. The
thickness of the film increased by just 400 ˚ and the nitrogen incorporation decreased.
This indicated that maintaining the samples at high temperatures for a longer time could
have annealed the samples resulting in a further improvement in the stoichiometry of the
film. Further development to improve the conductivity of the samples deposited under
this condition was not performed for two reasons. First, the unstable nature of the carrier
type indicated that the amount of nitrogen might not be compensating for all the oxygen
vacancies. And second, depositing ZnO films for 8 hours was not a feasible option. The
method used to overcome this problem is discussed in the next section.
4.3.1 Effect of Zn in Doping
To better understand the effect of Zn on doping, sample nos. 5 and 6 from Table 4.2
were deposited under the same partial pressures of nitrogen and argon but at different
sputtering powers of the metallic Zn target. Table 4.4 indicates the effect of Zn on the
growth of these films and provides the data obtained from hall measurements.
Note: PP of N

- Partial Pressure of N

, CC - Carrier Concentration,
DC PWR - DC Power, T - Thickness, CT - Carrier Type
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Figure 4.3. Cross-Sectional View of the Target Placement Inside the Sputtering System
Table 4.4. Comparison Table for ZnO Films at Different Sputtering Pressures for Zn
Sub PP DC  Resistivity
Temp of PWR from from
S.No. N

for T CC (cm  Hall 4pt probe CT
(
	
C) (mT) Zn (A˚) cm  V-s) (  -cm) (  -cm)
(W)
5 466 0.5 4 1800 5.67E18 3.2 1.8E-1 1.8E-1 n/p
6 491 0.5 3 4500 1.83E20 7.4 4.5E-3 4.1E-3 n
From the Table 4.4, it is seen that there is a significant difference in the thickness of
the films. Comparing this data with the data from Table 4.2, it can be said that the increase
in the thickness of the films is due to the decrease in the concentration of Zn rather than
the increase in temperature.
From the hall measurements, it was found that there was an increase in the carrier con-
centration when the dc power was decreased from 4W to 3W. The conductivity of the films
increased by 2 orders of magnitude. From the optical measurements in Figure 4.4, it was
found that the absorption edge shifted from 340 nm, obtained for undoped ZnO, to a value
of 336 nm for the films deposited at 4W. For the film at 3W, the absorption edge further
shifted to 310 nm. This corresponds to the Burstein-Moss shift and thus supports the in-
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crease in the carrier density with the decrease in the amount of zinc concentration. While
considering these observations, it should noted that the ORIEL monochromator was not
calibrated for wavelengths below 350 nm. Thus the transmission response obtained in this
region is neglected. From these observations, it could be said that the excess zinc produced
at 4W could have increased the amount of nitrogen dissolved in the films resulting in the
reduction of oxygen vacancies. This could contribute to the decrease in the electron carrier
concentration and the n-type conductivity with the increase in the Zn sputter power. This
is further substantiated with the EDS results. From Table 4.3, the nitrogen concentration
in the film deposited at 3W was high compared to the one at 4W. The instability in the
carrier type from Hall measurements was already discussed in the previous section. Due
to these reasons, our research at this point was more inclined to improving the deposition
conditions to obtain p-type ZnO films. For the same reason, the study on the variation in
thickness in the above samples was postponed to future work.
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Figure 4.4. Transmission Response at Shorter Wavelengths for Samples Deposited at Dif-
ferent Zn Concentration
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4.4 Doping in an Oxygen- and Zinc- Rich Environment
Since the amount of nitrogen was insufficient in compensating for the oxygen vacan-
cies in the previous set of experiments, instead of increasing the nitrogen partial pressure,
oxygen gas was introduced into the ambient. The excess oxygen gas is used to suppress
the oxygen vacancies acting as hole killers. The other reason for introducing oxygen and
not increasing the nitrogen partial pressure was to avoid any kind of etching that could oc-
cur due to excess in the nitrogen as pronounced in the AZO:N samples. This idea of p-type
doping in host anion-rich environment to suppress the anion vacancy is also supported in
the literature [47].
In this set of experiments, ZnO films were deposited under different nitrogen and oxy-
gen partial pressures. Argon used as the sputtering gas was varied to maintain the total
sputtering pressure at a constant value of 5mT for this set of experiments. Table 4.5 in-
cludes the electrical properties obtained from the Hall measurements and the four-point
probe equipment.
Table 4.5. Electrical Properties of ZnO Films Deposited Under Various Partial Pressures
of Oxygen
Resistivity Carrier
S.no. PP PP Thick Carrier Mobility from from
of O

of N

-ness Conc (in cm  4pt probe Hall type
(mT) (mT) (A˚) (in cm CP V-s)  -cm  -cm
1 0.2 0.5 1700 7.219E17 4.857E0 2.1 1.787 n/p
2 0.3 0.5 1000 5.647E18 2.311E-1 2.16 3.168 n
3 0.5 0.5 700 7.249E18 4.56E-1 2.06 3.686 n
4 0.6 0.5 650 1.6E19 5.228E-1 0.948 0.789 n
5 0.3 0.8 700 4.016E16 1.181E-1 - 3.408E2 p
Note: PP of O

- Partial Pressure of Oxygen, PP of N

- Partial Pressure of Nitrogen
The films deposited at an ambience of 0.2 mT of oxygen and 0.5 mT of nitrogen (S.no.
1) showed an n-type resistivity of 2.1  - cm with a mobility of 4.9 cm  /V-s and a carrier
concentration of 7.2x10 ﬃ cm  . The Hall measurements showed an inconsistent value
for the carrier type. This could be due to the fact that the amount of oxygen introduced
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in the deposition environment was insufficient to compensate for the oxygen vacancies in
the films. A rise in the partial pressure of oxygen was expected to increase the amount
of compensation in the films. The film thickness and carrier concentration were found to
be affected by this variation in the partial pressure of oxygen, although the carrier type
still remained the same. It is apparent that excess O

supresses film growth as does excess
N

, though the effect of O

is much less dramatic. The electrical properties of the films
obtained at different values of oxygen and nitrogen partial pressures is discussed further
below.
4.4.1 Influence of Oxygen Pressure on Carrier Concentration
From the values indicated for the carrier concentration under different deposition con-
ditions from Table 4.5, a graph is plotted to show the variation of the carrier concentration
in the films with the increase in the oxygen pressure. This is shown in Figure 4.5. The car-
rier concentration increased from 7.2E17 cm  to 1.6E19 cm  when the partial pressure
of oxygen was increased from 0.2 mT (S.no. 1) to 0.6 mT (S. no. 4). The partial pressure
of nitrogen was maintained at a value of 0.5 mT and the Argon partial pressure was ad-
justed corresponding to the oxygen pressure. Thus, the total deposition pressure of 5mT
was maintained in the deposition environment. Although the conductivity values indicated
a possibility for nitrogen having an effect on the films, this difference was relatively small.
4.4.2 Optical Characteristics
An effect of the increase in oxygen partial pressure on the carrier concentration was
shown in the optical characteristics of the films also. The Burstein-Moss shift, the shift
in the absorption wavelength to lower wavelengths at high carrier densities was observed
from the transmission response obtained for these films. The transmission response for the
samples in Table 4.5 is shown in Figure 4.6. For the same reason mentioned before, the
transmission response of the samples below 350 nm is neglected. For sample no. 2, this
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Figure 4.5. Influence of Oxygen Partial Pressure on Carrier Concentration
absorption edge was found at 320 nm while for sample no. 4, this value was found to be at
289 nm. This is consistent with the increase in the carrier concentration with the increase
in the oxygen partial pressure.
Although the above results indicate an improvement in the doping, the hall measure-
ments did not indicate any change in the carrier type. This could be possibly due to the
fact that the excess oxygen in the chamber could have possibly accounted for all the oxy-
gen vacancies in the film but the nitrogen content was insufficient to produce a p-type
conductivity in the film.
4.4.3 Influence of Oxygen Pressure on Film Thickness
From Figure 4.7 it is observed that, with the increase in the partial pressure of oxygen,
the thickness of the film decreased. A similar effect was observed by K. B. Sundaram et
al. [59] in their attempt to find the effect of oxygen pressure on the deposition rate when
ZnO films were deposited by rf magnetron sputtering using a 99.99 % pure ZnO target.
This effect of oxygen on the film thickness at high pressures could be attributed to the
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Figure 4.6. Study on the Short Wavelength Absorption at Different Deposition Conditions
chemisorption of oxygen on the target surface. This forms a layer of adsorbed oxygen on
the target surface that retards sputtering. Also the fact that the sputtering yield in oxygen
is less than argon may contribute to the decrease in the deposition rate with the increase in
the partial pressure of oxygen.
4.4.4 Effect of Increase in Nitrogen
Since sample no. 1 in Table 4.5 indicates some p-type tendencies in the Hall mea-
surements, it was decided to further explore these deposition conditions. A ZnO:N film
deposited at 0.3mT of oxygen and 0.8mT of nitrogen produced a film with a thickness
700A˚. The Hall measurements found the film to be p-type. The best resistivity obtained
with these films was 3.4E2  - cm. The carrier concentration of these films was 4.016
x10  cm  with a value of 0.12 cm  V-s for mobility.
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Figure 4.7. Influence of Oxygen Partial Pressure on Film Thickness
4.4.4.1 Optical Characteristics
Figure 4.8 depicts the transmission response for the p-type film (sample no. 5) dis-
cussed above. The transmission response when compared with that of the undoped ZnO
film (see Figure 4.1) shows an absorption in the short wavelength region. The value for
the absorption wavelength was 290 nm which was very low compared to the value of 340
nm obtained for the undoped ZnO film. This indicates the presence of a substantial carrier
density in the ZnO:N film indicating successful doping with nitrogen. A similar shift in
the low wavelength region was produced by the p-type ZnO films obtained by Z.-Z. Ye et
al. [55]. The bandgap shift was also observed in the above mentioned result. Though the
difference in the bandgap was a very small value of 0.1eV, it can still confirm the effect of
nitrogen on the ZnO films.
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Figure 4.8. Transmission Response of ZnO:N Deposited at 0.3mT of Oxygen and 0.8 mT
of Nitrogen
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CHAPTER 5
CONCLUSION
In this research, various experiments were performed to achieve p-type doping in
ZnO films. The codoping technique using aluminium was used to suppress the self-
compensation that occurs during the doping mechanism and to improve the solubility of
the dopant. Similar work was done by M. Joseph et al. [54]. In their work Gallium was
used as the co-dopant. P-type ZnO films with a resistivity of 0.5  -cm were obtained.
Since aluminum and gallium belong to the same group of the periodic table, it was sug-
gested that aluminium could be used for this purpose. ZnO:Al films were deposited at
different partial pressures of nitrogen. The Hall measurements indicated a decrease in the
conductivity of the ZnO:Al film when the partial pressure of nitrogen was increased. The
films were completely insulating at 1.7mT of nitrogen. This suggested that a further in-
crease in the nitrogen pressure might change the carrier type of the films. Along with this
effect, it was observed that nitrogen had an effect on the growth of the film. Thus a further
increase in the nitrogen pressure in an effort to change the carrier type to p-type resulted
in a substrate with no film deposited on it. The partial pressure of argon was 3mT, enough
to sustain a stable plasma. It was concluded that the variation in the thickness of the film
was due to the increase in the partial pressure of nitrogen.
The Literature [47], [55] suggested that a Zn rich environment during nitrogen doping
would increase the solubility of nitrogen in the ZnO films. Z.-Z. Ye et al. [55] sputtered a
metallic zinc target in an oxygen and ammonia environment. The metallic zinc provided
the excess zinc required for the increase in the solubility of nitrogen in the films. In our
research, this idea was implemented by dc sputtering a Zn metal target using a separate
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gun. The nitrogen partial pressure was varied, and the electrical and optical properties were
studied. It was found that an increase in the substrate temperature of the films resulted in an
increase in the quality of the film. This caused an improvement in the conductivity of the
film. The Hall measurements on this sample showed an inconsistency for the carrier type,
although the sheet resistance and the resistivity of the films were in agreement with the
values obtained from the four-point probe measurements. Similar inconsistent behavior
was observed in the work by Joseph et al. [48] in which p-type doping in ZnO was achieved
using N

O gas using a Pulsed laser deposition technique. An increase in the N

O gas
showed an inconsistent behavior in the carrier type which ultimately resulted in a p-type
ZnO film. But in our work, since Zn is also used in the deposition environment, the
excess zinc is expected to improve the solubility of nitrogen. Due to the difference in
the deposition technique and conditions, there could be a possibility for the presence of
oxygen vacancies in our film. A method to suppress the oxygen vacancies was further
developed.
The introduction of oxygen gas inside the chamber was expected to suppress the hole
killers (oxygen vacancies). The ZnO:N films were deposited at various partial pressures
of oxygen and nitrogen. The Zn target was sputtered at a dc power of 3W. This excess
Zn environment was chosen for two purposes. Primarily, to enhance the solubility of
nitrogen and second, to combine with the excess oxygen thus controlling the amount of
oxygen present in the deposition environment. This might otherwise lead to the reaction of
oxygen with the nitrogen resulting in the decrease of nitrogen content incorporated in the
films. From the data obtained for these experiments, it was observed that an increase in the
partial pressure of oxygen with the nitrogen pressure kept constant resulted in an increase
in the carrier concentration of the film. This also produced a blue-shift in the transmission
response of the films. The increase in the oxygen pressure also resulted in reduction in the
film thickness.
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The above experiments confirmed that only by finding the right combination of N

and O

partial pressures, p-type conductivity could be achieved in ZnO. The increase in
the partial pressure of nitrogen from 0.5mt to 0.8mT with 0.3mT of oxygen and 3.9mT of
argon resulted in a p-type ZnO film. The hall measurements showed a carrier concentration
of 4.0 x10  cm  and a mobility of 0.12 cm  /V-s. The best resistivity obtained at these
conditions was 3.4E2  - cm.
5.1 Future Work
 The partial pressures of oxygen and nitrogen could be varied further to improve the
conductivity of the films.
 Literature suggests that in an attempt to achieve p-type doping using phosphorus
doped ZnO, Rapid Thermal Process annealing at high temperatures in nitrogen at-
mospheres helped in making the nitrogen electronically active. Similar conditions
could be tried on the films to decrease the obtained resistivity of 3.4E2  - cm.
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